Abstract: Entanglement of spin and orbital degrees of freedom drives the formation of novel quantum and topological physical states. Discovering new spinorbit entangled ground states and emergent phases of matter requires both experimentally probing the relevant energy scales and applying suitable theoretical models. Here we report resonant inelastic x-ray scattering measurements of the transition metal oxides Ca 3 LiOsO 6 and Ba 2 YOsO 6 . We invoke an intermediate coupling approach that incorporates both spin-orbit coupling and electron-electron interactions on an even footing and reveal the ground state of 5d 3 based compounds, which has remained elusive in previously applied models, is a novel spin-orbit entangled J=3/2 electronic ground state. This work reveals the hidden diversity of spin-orbit controlled ground states in 5d systems and introduces a new arena in the search for spin-orbit controlled phases of matter.
revealed novel routes to a host of unconventional physical states including quantum spin liquids, Weyl semimetals, and axion insulators (1, 2) . As a result, major experimental and theoretical efforts have been undertaken seeking novel spin-orbit physics in various 5d systems, and the influence of SOC has now been observed in the macroscopic properties of numerous systems. However, beyond the J eff = 1/2 case such as that found in Sr 2 IrO 4 (3)
-which is a single-hole state that applies only to idealised 5d
5 ions in cubic materialsquestions abound concerning the electronic ground states which govern 5d ion interactions.
In this context 5d 3 materials present a particularly intriguing puzzle, because octahedral d 3 configurations are expected to be orbitally-quenched S = 3/2 states -in which case SOC enters only as a 3rd order perturbation (4) -yet there is clear experimental evidence that SOC influences the magnetic properties in 5d 3 transition metal oxides (TMOs). This includes the observations of large, SOC-induced spin-gaps in their magnetic excitation spectra (5-7) and x-ray absorption branching ratios which deviate from BR = I L3 /I L2 = 2 (8, 9) .
Despite this, no description beyond the S = 3/2 state had been established. The emergent phenomena in 4d 3 and 5d 3 systems, such as incredibly high magnetic transition temperatures (10-13), Slater insulators (14) , and possible Mott-insulators (15) are therefore poorly understood.
We selected 5d 3 TMOS Ca 3 LiOsO 6 and Ba 2 YOsO 6 as model systems in which to investigate the influence of spin-orbit coupling on the electronic ground states via RIXS measurements on polycrystalline samples. Both materials have relatively-high magnetic ordering temperatures, T N = 117 and 67 K, respectively, despite large separation of nearest-neighbour Os ions of 5.4-5.9 Å (5, 10, 16). The relative isolation of Os-O octahedra allows us to unambiguously access the ground state, because only extended superexchange interactions are present. Stronger, close-range interactions can mask the effective single-ion levels we wish to observe (17) . In Ca 3 LiOsO 6 the oxygen octahedra surrounding Os 5+ ions are very close to ideal, despite the overall non-cubic symmetry -hexagonal R3c (10) . As previously reported (5), we find that Ba 2 YOsO 6 has the ideal cubic double perovskite structure Fm3m to within experimental measurement limits, see supplementary material for high-resolution synchrotron x-ray and neutron diffraction. Figure 1 presents the x-ray energy loss, E, versus incident energy, E i , RIXS spectra of Ca 3 LiOsO 6 at 300 K. Four lines are present at E < 2 eV, which are enhanced at E i = 10.874 keV, whereas the feature at E ≈ 4.5 eV is enhanced at E i = 10.878 keV. This indicates that the E < 2 eV features are intra-t 2g excitations, whereas the higher energy feature is from t 2g to e g excited states, as has been observed in many 5d oxides (7, (18) (19) (20) . Subsequent measurements were optimised to probe the t 2g excitations by fixing E i = 10.874 keV. Figure 2 presents the detailed RIXS spectra of Ca 3 LiOsO 6 and Ba 2 YOsO 6 at temperatures of 300 K and 6 K. In each spectrum there are 5 peaks in addition to the elastic line:
four peaks with E < 2 eV, labeled a, b, c and d ( Fig. 2c and d ) which we associated with intra-t 2g excitations, and a broad peak, e, centered at E ∼ 4.5 eV (Fig. 2a and b ) associated with t 2g to e g excited states. The qualitative similarity of the spectra indicates that these features are not controlled by non-cubic structural distortions, as splittings would be heightened in Ca 3 LiOsO 6 .
At 300 K the peaks a-d are resolution limited, as determined from least-squares fitting of Gaussian peaks on a flat background to the data, Fig. 2c Intensity (a. u.)
Energy loss (eV) Ba YOsO 2 6 Ca LiOsO 3 6 Ca LiOsO 3 6 Γ , Γ 1.72(1) eV, and for Ba 2 YOsO 6 are a Ba = 0.745(7) eV, b Ba = 0.971 (7) eV, c Ba = 1.447(9) eV and d Ba = 1.68(1) eV. At 6 K, well below T N in both materials, the peaks appear broadened, although maintain the SOC-induced four peak character, see Fig. 2 . The low temperature broadening is most pronounced in peak e -this peak is due to 20 different excited levels in the Coulomb plus SOC regime, so no discrete levels can be resolved with current RIXS capabilities. The broadening could be due to splittings from non-cubic structural distortions occurring below the magnetic ordering temperatures -some distortion should be expected from magnetoelastic coupling. However, if a purely structural distortion were the origin we would expect to see broadening in Ca 3 LiOsO 6 compared to Ba 2 YOsO 6 at all temperatures.
It is possible that at low temperatures there is dispersion of the levels (17) , or that increased hybridisation influences the accessible distribution of excited states -this would be more pronounced for e g levels which show greater oxygen overlap. Here, we focus on what the splitting of the t 2g character peaks reveals about the electronic ground state.
The four t 2g -character peaks we observe, Fig. 2 , are incompatible with the multiplets expected in standard crystal field theory developed for 3d ions which leads to the S=3/2 ground state (4). Here, we identify that a method first proposed by Kamimura et al. (21) for transition metal halides is relevant in this case, in which the assumption that inter-electron interaction energies (including intra-and inter-orbital Coulomb and exchange interactions)
are much larger than SOC is dropped (a similar method was also recently derived in Ref. (22)). We identify that such an approach can be utilised to model our TMO RIXS data, 
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Inter-electron interactions and spin-orbit coupling~0 We finally explore how the framework presented provides insight about the physical manifestation of SOC. An x-ray absorption near-edge spectroscopy plus x-ray circular dichroism study of 5d 3 Ir 6+ double perovskites found strong coupling between orbital and spin moments despite small orbital moments, and suggested this should be due to some deviation from the pure t 3 2g levels (8), with similar results reported in Os 5+ materials (9) . The wavefunction we determine explains these results, with a J = 3/2 state which has only a small orbital moment. The observation of a large spin gap in the magnetic excitation spectra 
Synthesis
The synthesis route and properties of Ca 3 LiOsO 6 are reported in Ref. (10) . Characterisation of the powder sample utilised here, including diffraction measurements and magnetic structure determination, are reported in Ref. (16) . The powder sample of Ba 2 YOsO 6 of mass 1.5 g was synthesised by grinding together stoichiometric quantities of barium peroxide, yttrium oxide, and osmium metal. The reactants were loaded into an alumina tube which was placed into a silica tube along with a secondary alumina vessel containing PbO 2 . The silica tube was sealed under dynamic vacuum, and heated to 1000
• C for a period of 48 hours in a box furnace located in a fume hood. The PbO 2 decomposed into PbO at elevated temperature, acting as a source of O 2 gas for the reaction. A calculated excess was used resulting in 1 4 mole excess O 2 per mole of product in order to ensure full oxidation of the reactants. Care must be taken when heating Os or Os containing compounds due to the potential formation of highly toxic OsO 4 gas. X-ray and neutron diffraction and susceptibility measurements were consistent with those previously reported (5), and are detailed in the supplementary material.
Ca 3 LiOsO 6 Characterisation
Polycrystalline Ca 3 LiOsO 6 was used in this work, for which synthesis route and properties are reported in Ref. (10) . Neutron powder diffraction measurements and magnetic structure determination are reported in Ref. (16) .
Ba 2 YOsO 6 Characterisation
The temperature dependence of the magnetization of the Ba 2 YOsO 6 powder was mea- 
Ba 2 YOsO 6 Structural Study
High resolution x-ray and neutron diffraction experiments were performed on Ba 2 YOsO 6
in an attempt to identify any non-cubic distortion. The synchrotron x-ray experiments contained in a vanadium can, and measured at 10 and 100 K. High-resolution settings were chosen, λ = 1.066 Å and f = 60 Hz, to optimize chances of identifying a non-cubic distortion.
The data were analyzed via Rietveld refinement as implemented in Fullprof (34) . No peaks associated with octahedral rotations in non-cubic symmetries could be identified (35) . The results of refinements based on space group F m3m is illustrated in Fig.6 and summarized in Table II . In this refinement all ion occupancies were kept at 100 % as indicated by the x-ray data. Using anisotropic displacement parameters for the oxygen positions did not produce an improvement to the fit qualities, so we quote the results with isotropic displacement parameter results for all ions. Figure 6 : Neutron powder diffraction pattern of Ba 2 YOsO 6 measured at 10 K. The black circles are observed data, the red line is the calculated pattern, and the blue line is the difference of the two. Allowed reflections of the phase are given as green hashes.
Spin-Orbit Calculation
As referenced in the main text, the complete Hamiltonian describing cubic-crystal field, Coulomb interactions (including Hund's coupling) and spin-orbit effects is given by Eisenstein(23) in the form of a 21×21 matrix for Γ 8 and a 9 × 9 matrix for each of the Γ 6 and Γ 7 representations, describing the interactions between each of the basis states utilized in the standard Coulomb-only model (4, 25, 36) . These basis states are the | 4 A 2 , | 2 T 2g etc.
states which describe all the ways in which three electrons can occupy the t 2g and e g levels, and are documented in full in textbooks, for example Ref. (4) . The interaction matrices are formulated in terms of the Racah parameters, A n , B n and C n (n = 0 to 4 is symmetry allowed) but we follow the formulation in Ref. (26) and assume only one parameter of each type is required (i.e. A n = A, B n = B, C n = C ∀n) as is commonly adopted (25) , and found to be reasonable in Ref. (23) for Re 4+ in Cl octahedra. The term A is only found on the diagonal elements, adding 3A to each eigenvalue, and therefore the differences in energy between states is independent of A and we can set it to any arbitrary value in describing our data. We diagonalise the matrices to find the eigenvalues and eigenvectors, and shift all eigenvalues by the energy of the lowest term, so that the ground state is at E = 0. We then fit the first four excited state eigenvalues to the observed RIXS excitations as described in
